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Abstract
In this research, optical fiber sensors and shape memory alloys (SMA) were incorporated into sandwich
panels for development of a smart honeycomb sandwich structure with damage detection and shape recovery
functions. First, small-diameter fiber Bragg grating (FBG) sensors were embedded in the adhesive layer
between a CFRP face-sheet and an aluminum honeycomb core. From the change in the reflection spectrum
of the FBG sensors, the debonding between the face-sheet and the core and the deformation of the face-
sheet due to impact loading could be well detected. Then, the authors developed the SMA honeycomb core
and bonded CFRP face-sheets to the core. When an impact load was applied to the panel, the cell walls of
the core were buckled and the face-sheet was bent. However, after the panel was heated over the reverse
transformation finish temperature of the SMA, the core buckling disappeared and the deflection of the face-
sheet was relieved. Hence the bending stiffness of the panel could be recovered.
 Koninklijke Brill NV, Leiden, 2008

Keywords
Honeycomb sandwich panel, optical fiber sensor, shape memory alloy, damage detection, shape recovery

1. Introduction

Honeycomb sandwich panels consist of a thick lightweight honeycomb core and
two thin stiff face-sheets bonded by thin adhesive films as shown in Fig. 1. Since
these panels have high specific bending stiffness, they have been applied to various
lightweight structures, such as airplanes and space structures [1].

* To whom correspondence should be addressed. E-mail: okabey@iis.u-tokyo.ac.jp
Edited by the JSCM

 Koninklijke Brill NV, Leiden, 2008 DOI:10.1163/156855108X295645
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42 Y. Okabe et al. / Advanced Composite Materials 17 (2008) 41–56

Figure 1. Honeycomb sandwich panel.

However, sandwich structures might suffer particular damage due to their vulner-
ability to out-of-plane loadings. Tool drops during assembling and maintenance or
low-velocity collisions of small foreign objects during operation cause impact dam-
age [2–4]. On the other hand, fatigue loads or excessive thermal stresses introduce
debonding between the core and the face-sheet [5, 6]. Typical damage such as this
degrades the bending stiffness and the in-plane compressive strength. For detection
of such damage in airplanes, visual inspections and non-destructive tests, such as
ultrasonic inspection, are applied. When they are detected, the damaged regions are
hollowed out and intact cores are refilled. These inspections and the repairs need a
great deal of time and effort so they need to be minimized.

Hence, in this research, the authors attempted to construct a novel smart hon-
eycomb sandwich panel that can detect typical damage in real time and repair the
deformations due to the damage easily. We embedded small-diameter optical fiber
sensors in the adhesive layer between the core and the CFRP face-sheet to detect the
debonding and the impact damage. Then the cell walls of the honeycomb core were
made of shape memory alloy (SMA) foils to repair the out-of-plane deformation of
the face-sheet caused by impact loading and recover the bending stiffness.

2. Development of Damage Detection Techniques

2.1. Observation of Damage in Sandwich Structures

The sandwich panels used in this research consisted of CFRP quasi-isotropic face-
sheets (T700S/2500, Toray Industries, Inc., [0/90/45/−45]s) and aluminum hon-
eycomb core (AL 1/4-5052-.003, Showa Aircraft Industry Co., Ltd, Thickness:
10 mm), and these face-sheets and core were bonded with epoxy adhesive films
(REDUX312UL, Hexcel).

First, low-velocity impact loading was applied to the specimen with the dimen-
sions of 100×100×12 mm3 using a drop-weight tester (Mini-Tower, Instron). The
cross-section of the specimen subjected to the impact is shown in Fig. 2. The core
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Figure 2. Impact damage.

cells beneath the impact region were buckled and pulled down the upper face-sheet.
Hence the face-sheet had a gentle bend. On the other hand, when an impact loading
was applied to the cylindrical indenter penetrating through a small hole made in the
upper face-sheet [7], a debonding between the lower CFRP face-sheet and the core
occurred (Fig. 3). In this picture, the removed core wall was also drawn addition-
ally to illustrate the relation between the core wall and the fillet. It is observed that
fillets [6] are made of the adhesive at the root of the core walls and the greater part
of the fillet was debonded from the face-sheet.

2.2. Debonding Detection Using FBG Sensors

2.2.1. Embedment of Optical Fiber Sensors
At first, a fiber Bragg grating (FBG) sensor, which is a kind of optical fiber sensor,
was embedded in the adhesive layer between the core and the face-sheet to detect
the debonding. FBG sensors were fabricated in single-mode optical fibers to have
a periodic variation in the refractive index along a certain length of the core in which
light propagates. When a broadband light is injected into the core, the FBG reflects
a narrow spectral component at the Bragg wavelength depending on the grating pe-
riod and the effective refractive index, and the other components transmit through
the FBG [8]. Hence, when non-uniform strain is applied to the grating, the distrib-
utions of the grating period and the refractive index also become non-uniform, and
the reflection spectrum of the FBG is deformed because of the reflection of various
wavelength components due to the non-uniformity. Using this phenomenon, the au-
thors succeeded in detecting microscopic damage in CFRP laminates [9–12]. In this
research, non-uniform thermal residual strain is already applied to the FBG sensor
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Figure 3. Debonding between the face-sheet and the core.

Figure 4. Principle of debonding detection using an FBG sensor.

after curing of the adhesive because of the formation of fillets as shown in Fig. 4,
and the non-uniform strain is released after debonding. Hence, the recovery of the
original shape of the reflection spectrum is used for the debonding detection.

A small-diameter FBG sensor (core diameter: 6.5 µm, cladding diameter: 40 µm,
polyimide coating diameter: 52 µm, grating length: 10 mm) [13] was embedded in
the adhesive layer between the lower face-sheet and the core. The center of the FBG
was positioned just below a cell wall (Fig. 5). However, when the optical fibers are
embedded in the adhesive layer, there is no space for the optical fiber to run through
because the cell walls contact with the face-sheet. Hence, micro-slits were formed
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Figure 5. Embedment position of an FBG sensor in a panel.

Figure 6. Small slit formed on the edge of the cell walls for embedding of an optical fiber.

in the core walls by a wire discharge cutter, and the optical fiber was embedded in
the slits as shown in Fig. 6. Then adhesive films and preformed CFRP face-sheets
were put on the upper and lower surfaces of the core, and the adhesive was cured
under pressure at 125◦C for 3 h.
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2.2.2. Observation of the Reflection Spectrum During the Manufacturing Process
Since the fillets are formed while the adhesive is cured, the reflection spectrum
from the FBG was observed during the curing process using an ASE light source
(AQ4319(155), Ando Electric Co. Ltd.) and an optical spectrum analyzer (AQ6317,
Ando Electric Co. Ltd.). The observed spectra are depicted in Fig. 7. The intensity
of each reflection spectrum was normalized by the intensity of the highest compo-
nent. At room temperature of 25◦C before curing, the spectrum had only one sharp
narrow peak. Also at curing temperature of 125◦C, the spectrum retained its origi-
nal shape and the center wavelength shifted to longer wavelength corresponding to
the temperature increase. However, at room temperature after the curing, the form
of the spectrum was obviously distorted. This is due to the thermal residual strain
caused by the fillet formed at 125◦C, because the center of the 10 mm FBG was just
below the core wall. Hence it is expected that the spectrum will recover its original
shape when the non-uniform residual strain is released by debonding of the core
with the fillets from the face-sheet.

2.2.3. Flatwise Tensile Test to Introduce Debonding
Then, a flatwise tensile test was conducted to debond the lower face-sheet from the
core and the change in the reflection spectrum of the embedded FBG during the test
was observed. The flatwise tensile test is the most general for evaluating the adhe-
sive strength of a sandwich structure by applying uniform out-of-plane tensile stress
on both face-sheets. Each face-sheet of the specimen was bonded to an aluminum
block and loaded by a material testing system (AG-I, Shimadzu Corp.). The reflec-
tion spectra measured during this test are shown in Fig. 8. After the debonding,
the components separate from the maximum peak disappeared, and the spectrum
almost recovered its original shape. Hence, the occurrence of the debonding is ex-
pected to be detected from the change in the spectrum shape.

2.2.4. Theoretical Simulation
In order to confirm this phenomenon, a theoretical simulation was conducted. First,
the triaxial strain distribution applied on the optical fiber before and after debonding
was calculated using 3D finite element analysis (FEA) with ABAQUS code. All of
the CFRP face-sheet, the aluminum honeycomb core, the adhesive layer, the fillets,

Figure 7. Reflection spectra measured during the curing process of the adhesive films.
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Figure 8. Change in the spectrum due to the debonding through a flatwise tensile test.

Figure 9. FEM models to calculate the change in the strain distribution due to the debonding: (a) intact
plate and (b) debonded face-sheet.

and the small-diameter optical fiber were modeled in detail using solid elements as
illustrated in Fig. 9. The height and width of the fillets in the x3 and x1 directions,
respectively, were set to be 300 µm, which was determined from cross-sectional
observation of the specimen used for the experiment [14]. The material properties
of the components are listed in Table 1. Then, the distributions of the effective
refractive index and the grating period of the FBG were obtained from the triaxial
strain distribution, and the reflection spectrum of the FBG was simulated using
couple mode theory and the transfer matrix method from the distributions [15].

The triaxial strain of the FBG sensor calculated by the FEA is plotted in Fig. 10.
These results show that large non-uniformity of the strain appears around the fil-
let and is relieved by the debonding. Then, the calculated spectra are shown in
Fig. 11. After the debonding, the disturbance of the spectrum caused by the fillet
disappeared and the spectrum almost recovered its original shape. Since this change
agreed well with that of the experimental results, the deformation in the spectrum
was confirmed to be due to the thermal residual strain of fillets. Thus, the debonding
detection is possible by monitoring of the spectrum shape.
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Table 1.
Material properties of T700S/2500 unidirectional laminates, aluminum 5052, REDUX312UL and
small-diameter optical fiber

T700S/2500 Aluminum REDUX Small-diameter Polyimide
5052 312UL optical fiber coating

Elastic E1 130.1 69.3 3.5 73.1 1.5
moduli (GPa) E2 8.03

G12 4.8

Poisson’s ratios ν12 0.31 0.33 0.3 0.16 0.25
ν23 0.49

Thermal expansion α11 0.3 23.8 46 0.5 15
coefficients α22 36.5
(×10−6/◦C)

Figure 10. Strain distributions along the central axis of the optical fiber before and after the debonding.

2.3. Detection of Impact Damage

Next, the detection of the impact damage caused by a low-velocity impact loading
was attempted. In this technique, strain distribution over long distance of about
50 mm should be considered because the bend of the face-sheet is very gentle.
If uniform FBG is formed with long grating length, the spectrum width becomes
very narrow, so that the observation of the change in the spectrum form becomes
difficult. Hence, chirped FBG sensors [16] of 50 mm in grating length and 5 nm
in spectrum width were applied. The difference between the uniform FBG and the
chirped FBG are illustrated in Fig. 12. Since the grating period of the chirped FBG
increases monotonically within the gauge length, the reflection spectrum from the
chirped FBG is very broad and the wavelength in the spectrum is expressed as a

D
ow

nl
oa

de
d 

by
 [

Si
au

liu
 U

ni
ve

rs
ity

 L
ib

ra
ry

] 
at

 0
6:

56
 1

7 
Fe

br
ua

ry
 2

01
3 



Y. Okabe et al. / Advanced Composite Materials 17 (2008) 41–56 49

Figure 11. Reflection spectra calculated from the strain distributions in Fig. 10.

Figure 12. Comparison between a uniform FBG and a chirped FBG.

function of the position along the grating. Hence the location of strain fluctuation
can be estimated directly from the reflection spectrum [16]. In this research, the
chirped FBG sensor is expected to respond to the deformation of the face-sheet due
to the impact load. Also, this sensor is anticipated to be effective for the debonding
detection mentioned in the previous section.

We embedded the chirped FBG sensor in the upper adhesive layer, position-
ing the longest grating period end of the FBG in the center of the specimen
of 100 mm × 100 mm. The reflection spectrum of the embedded chirped FBG is
shown in Fig. 13. In this spectrum, eight dips appeared periodically. This is because
eight fillets exist at about 6 mm intervals periodically in the grating length of 50 mm
and the residual strain of the fillets causes these disturbances.

For this sandwich panel, impact load was applied to the center of the upper face-
sheet using the drop-weight tester as shown in Fig. 14. In this figure, the longest
period of the chirped FBG is represented by white and the shortest period is shown
in black, and the distribution of the grating period is expressed as the gradation.
When the upper face-sheet is deformed by an impact load, the lower surface at
the convex region of the face-sheet is compressed and the shorter grating period
becomes much shorter. On the other hand, that at the concave region is stretched
and the longer grating period becomes much longer [17]. Hence, it is expected that
the reflection spectrum changes as drawn in Fig. 14.
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Figure 13. Reflection spectrum from the chirped FBG sensor embedded in the sandwich panel.

Figure 14. Configuration of the impact test and the expected change in the reflection spectrum.

Actually, an impact energy of 1.0 J or 2.0 J was applied to the center of the
specimen. After the impact loadings, the out-of-plane displacements of the face-
sheets were measured with a CCD laser displacement sensor (LK-030, Keyence),
and the reflection spectra from the embedded chirped FBG sensors were observed.
The deformation of the face-sheet is shown in Fig. 15. With an increase in the
impact energy, the dent in the face-sheet became deeper and wider. The reflection
spectra in both cases are shown in Fig. 16. Compared with the spectrum in Fig. 13,
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Figure 15. Deformations of the face-sheet after impact loadings.

Figure 16. Measured reflection spectra of the chirped FBG sensors after impact loadings.

after impact loading, the long wavelength components shifted to longer wavelength
and the short ones to shorter wavelength, so that the spectrum became broader.
These results indicate that the impact damage can be detected quantitatively from
the change in the shape and width of the spectrum.

3. Shape Recovery Using SMA Honeycomb

As shown in Fig. 15, when an impact loading is applied to the sandwich panel, the
upper face-sheet is bent in the out-of-plane direction. This deformation is caused
by the pull down due to the buckled cell walls beneath the impact region as shown
in Fig. 2. Thus the distance between the upper and the lower face-sheets becomes
shorter and the moment of inertia of the cross-section decreases. In consequence,
the bending stiffness decreases in proportion to the square of the distance between
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the face-sheets. However, since the bending is elastic deformation while the im-
pact energy is small, the face-sheet will return to a flat plate if the cell buckling is
repaired.

The actuator to repair the cell buckling needs the following properties: (a) light
weight, (b) large actuating force and displacement, and (c) without lead wires. Thus
the authors selected a shape memory alloy (SMA) as the actuator material. How-
ever, if the actuator is embedded in the core cell and generates the actuating force in
the thickness direction, there is a risk of debonding initiation. Hence we attempted
to make the cell walls of SMA foils (Ti-50.2% Ni, Furukawa Electric Co. Ltd.,
Thickness: 45 µm) [18]. At first, in order to make the SMA foil memorize the hon-
eycomb shape, the SMA foil was put between two pieces of metal mould, whose
shape is an array of half hexagons, and heated at 400◦C for 1 h. After the shape
memorization, the SMA foils were glued with adhesive (modified silicone) to form
the honeycomb core (Fig. 17(a)).

An impact loading was applied to the center of the SMA honeycomb core, and
the cell walls around the center were buckled as shown in Fig. 17(b). After that, the
specimen was heated in a thermostatic chamber up to 80◦C that was over the reverse
transformation finish temperature. The buckling of the core walls disappeared and

Figure 17. Honeycomb core made of SMA foils: (a) before impact loading, (b) after impact loading
and (c) after heating.
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the shape of the honeycomb was completely recovered to that before impact loading
(Fig. 17(c)).

Next, CFRP cross-ply laminates ([0/90/90/0], Thickness: 0.5 mm) were bonded
as face-sheets to the SMA honeycomb core of 10 mm in thickness using the epoxy
adhesive films. The dimensions of the SMA honeycomb sandwich panel were
150 mm × 30 mm × 11 mm. For this panel, an impact energy of 3.0 J was ap-
plied using the drop-weight tester to cause an impact damage. Then the panel was
heated up to 80◦C for the shape recovery. At all steps, before and after impact load-
ing and after heating, a four-point bending test with the configuration illustrated in
Fig. 18 was carried out to the panel to measure the load–displacement curve whose
slope relates to the average bending stiffness.

The photographs of the sandwich panel taken at all steps are shown in Fig. 19.
The out-of-plane displacements of the upper face-sheet measured with the laser

Figure 18. Schematic of four-point bending test.

Figure 19. SMA honeycomb sandwich panel: (a) before impact loading, (b) after impact loading and
(c) after heating.
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Figure 20. Out-of-plane displacements of the upper surface.

Figure 21. Load–displacement curves obtained from the four-point bending tests.

displacement sensor are plotted in Fig. 20. Furthermore, Fig. 21 shows the load–
displacement curves measured by the four-point bending tests. Although the slight
deformation of the surface appeared already before impact loading due to the low
precision of the manufacturing, this initial imperfection did not affect this experi-
ment. From Figs 19 and 20, it was found that the cell walls were buckled locally
and the upper face-sheet was bent after the impact loading. By heating, however,
the core buckling disappeared and the face-sheet recovered its original shape. With
this deformation, the bending stiffness also changed. Figure 21 indicates that the
bending stiffness decreased by the impact damage and returned almost to the initial
value after heating. Hence, the shape restoration of the upper face-sheet leads to
recovery of the bending stiffness and has a potential to suppress the further damage
progress.

4. Conclusions

At first, the authors developed detection techniques for typical damage in sandwich
panels consisting of CFRP face-sheets and aluminum honeycomb core with small-
diameter FBG sensors. When debonding appeared between the face-sheet and the
core, the reflection spectrum from the embedded FBG sensor returned to its original
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shape from the spectrum disturbed by the non-uniform thermal residual strain of
fillets. Then, when the impact damage occurred, the reflection spectrum from the
embedded chirped FBG became broader depending on the impact energy. Thus the
debonding and the impact damage could be detected by monitoring of the spectrum
shape. However, these techniques have a drawback that only the damage in the
vicinity of the FBG sensor can be detected. Hence the authors are also attempting to
use the change in transmitted optical powers caused by local bending or breakage
of small-diameter optical fibers for debonding detection [19]. If these techniques
are combined, debondings will be detected in a much larger area more robustly.
In addition, we also introduced a MEMS-optical spectrum analyzer [20] that can
measure the reflection spectrum at very high speed. If the change in the reflection
spectrum can be observed during impact loadings, the impact location and damage
magnitude will be identified [21].

On the other hand, the cell walls of the honeycomb core were made of SMA
foils for the recovery of the bending stiffness degraded by impact damage, and
CFRP face-sheets were bonded to the SMA honeycomb core. When an impact load
was applied to the SMA honeycomb sandwich panel, the cell walls of the core
were buckled and the face-sheet was bent. However, after the panel was heated over
the reverse transformation finish temperature of the SMA, the core buckling disap-
peared and the deflection of the face-sheet was relieved. With the shape restoration,
the bending stiffness of the panel could be recovered.

Through the integration of these techniques, a smart honeycomb sandwich panel
can be constructed, which can detect damages and recover the mechanical proper-
ties for suppression of further damage progress.
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